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We have calculated the cross section of the process e+e− → γγ → bb¯ in the littlest Higgs model
with T parity (LHT). We find that, for the favorable parameters, the total cross section σ(e+e− →
γγ → bb¯) is sensitive to the breaking scale f , mixing parameter xL, the masses of the mirror quarks
mHi, and the relative correction of the LHT model is a few percent to dozens of percent. The cross
section is significantly larger than the corresponding results in the standard model and in the other
typical new physics models. Therefore the prediction in the LHT model is quite different from the
predictions in other new physics models and such a process is really interesting in searching for the
signs of the LHT model.
PACS numbers: 12.60.-i, 14.65.Fy, 13.85.Lg
I. INTRODUCTION
The electroweak symmetry breaking mechanism re-
mains an open question in spite of the success of the
standard model (SM) compared with the precision mea-
surement data. The collisions of high energy photons
produced at the linear collider provide a comprehensive
laboratory for testing the SM and probing new physics
beyond the SM [1]. With the advent of the new collider
technique, the high energy and high intensity photon
beams can be obtained by using Compton laser photons
scattering off the colliding electron and positron beams
[2], and a large number of heavy quark pairs can be pro-
duced by this method. The photon energy spectrums
show that there are many relatively soft photons, and the
production of heavy top quark will be suppressed owing
to the reduction of collision energies. However, no such
suppression affects the relatively light bottom quark [3].
Therefore it is worth investigating the production of the
bottom quark pairs in the photon-photon collisions.
In the SM, this process has been calculated and the
QCD threshold effects of the process have been also ex-
amined [4]. Reference [5] presents a study of the Yukawa
corrections to this process in both the general two Higgs
doublet model (2HDM) and the minimal supersymmet-
ric standard model (MSSM), which arise from the vir-
tual effects of the charged Higgs and charged Goldstone
bosons, and shown that the relative correction to the to-
tal cross section of the processes e+e− → γγ → bb¯ is less
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than 0.1% for the favorable parameter values. In Ref.
[6], the authors have calculated the Yukawa correction
to the cross section of γγ → bb¯ induced by the pseudo-
Goldstone bosons and the new gauge bosons in the top-
color assisted technicolor (TC2) model, and pointed out
that the relative correction is negative and not more than
10%. In this paper, we will study the contribution of the
littlest Higgs model with T parity (LHT) to this process.
As we know, the fancy idea of little Higgs [7] tries to
provide an elegant solution to the hierarchy problem by
regarding the Higgs boson as a pseudo-Goldstone boson,
whose mass is protected by an approximate global sym-
metry, and the quadratic divergence cancellation is due
to the contributions from new particles with the same
spin as the SM particles. The littlest Higgs model [8] is a
cute economical implementation of the little Higgs idea,
but is found to be subject to the strong constraints from
electroweak precision tests [9], which would require rais-
ing the mass scale of the new particles to far above TeV
scale and thus reintroduce the fine-tuning in the Higgs
potential [10]. To tackle this problem, a discrete sym-
metry called T parity is proposed [11], which forbids the
tree-level contributions from the heavy gauge bosons to
the observables involving only the SM particles as ex-
ternal states. Therefore we will investigate the process
γγ → bb¯ in this model.
This paper is organized as follows. In Sec. II, we
present a brief review of the LHT model. Section III
is devoted to our analytical results of the cross section of
e+e− → γγ → bb¯ in terms of the well-known standard
notation of one-loop Feynman integrals. The numerical
results and conclusions are included in Sec. IV.
2II. A BRIEF REVIEW OF THE LHT MODEL
The LHT model [11, 12, 13] is based on a nonlinear
sigma model describing the spontaneous breaking of a
global SU(5) down to a global SO(5) at the scale f ∼
O(TeV). From the SU(5)/SO(5) breaking, there arise
14 Nambu-Goldstone bosons which are described by the
“pion” matrix Π, given explicitly by
Π =


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. (1)
Under T-parity, the SM Higgs doublet
H =
(
−ipi+√
2
v+h+ipi0
2
)
, (2)
is T-even, while the other fields including a physical
scalar triplet
Φ =
(
−iφ++ −iφ+√
2
−iφ+√
2
−iφ0+φP√
2
)
, (3)
and heavy Goldstone bosons ω±, ω0, η are T-odd.
A subgroup [SU(2)× U(1)]1 × [SU(2)× U(1)]2 of the
SU(5) is gauged, and it is broken into the SM electroweak
symmetry SU(2)L × U(1)Y at the scale f . The Gold-
stone bosons ω0, ω± and η are, respectively, eaten by the
new T-odd gauge bosons ZH , WH and AH , which obtain
masses at the order of O(v2/f2)
MWH =MZH = fg(1−
v2
8f2
), MAH =
fg′√
5
(1 − 5v
2
8f2
),
(4)
with g and g′ being the SM SU(2) and U(1) gauge cou-
plings, respectively.
The masses of the SM T-even Z boson and W boson
are generated through eating the Goldstone bosons π0
and π±. They are given by
MWL =
gv
2
(1− v
2
12f2
), MZL =
gv
2 cos θW
(1− v
2
12f2
). (5)
The photon AL is also T-even and massless.
In order to cancel the quadratic divergence of the Higgs
mass coming from top loops, an additional T-even quark
T+, as a heavy partner of top quark, is introduced. The
implementation of T parity then requires also a T-odd
partner T−. To leading order, their masses are given by
mT+ =
f
v
mt√
xL(1− xL)
[1 +
v2
f2
(
1
3
− xL(1 − xL))],
mT
−
=
f
v
mt√
xL
[1 +
v2
f2
(
1
3
− 1
2
xL(1 − xL))], (6)
where xL = λ
2
1/(λ
2
1 + λ
2
2) is the mixing parameter be-
tween the SM top quark and its heavy partner T+ quark,
in which λ1 and λ2 are the Yuwaka coupling constants in
the Lagrangian of the top quark sector. Furthermore, for
each SM quark (lepton), a copy of mirror quark (lepton)
with T-odd quantum number is added in order to pre-
serve the T parity. We denote them by uiH , d
i
H , ν
i
H , l
i
H ,
where i = 1, 2, 3 are the generation index. In O(v2/f2),
the masses of uiH and d
i
H satisfy
muHi =
√
2κif(1− v
2
8f2
) ≡ mHi(1− v
2
8f2
),
mdHi =
√
2κif ≡ mHi. (7)
where κi are the diagonalized Yukawa couplings of the
mirror fermions.
The mirror fermions induce a new flavor structure
and there are four CKM-like unitary mixing matri-
ces in the mirror fermion sector: VHu, VHd, VHl and
VHν . These mirror mixing matrices are involved in the
charged-current flavor-changing interactions between the
SM fermions and the T-odd mirror fermions which are
mediated by the T-odd heavy gauge bosons or the Gold-
stone bosons. VHu and VHd satisfy the relation
V †HuVHd = VCKM. (8)
Following the Refs. [12] and [13], VHd is parame-
terized with three angles θd12, θ
d
23, θ
d
13 and three phases
δd12, δ
d
23, δ
d
13, and is obtained with the expression
3VHd =

 c
d
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d
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
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III. THE CROSS SECTION OF BOTTOM PAIR
PRODUCTION IN PHOTON-PHOTON
COLLISION
In the LHT model, both T-even and T-odd particles
can make the contributions to the process γγ → bb¯. The
contributions of T-even particles include both the SM
contributions and the contributions of the top quark T-
even partner. The contributions of T-odd particles are
induced by the interactions between the SM quarks and
the mirror quarks mediated by the heavy T-odd gauge
bosons or Goldstone bosons. The relevant Feynman dia-
grams are shown in Fig. 1. In our calculation, we use the
dimensional regularization to regulate all the ultraviolet
divergences in the virtual loop corrections, and adopt
the ’t Hooft-Feynman gauge and on-mass-shell renor-
malization scheme [14]. The renormalized amplitude for
γγ → bb¯ contains
Mren = M0 + δM
= M0 + δM
self + δMvertex + δMbox
+δM tr, (10)
where M0 is the amplitude at the tree level, δM
self ,
δMvertex, δMbox and δM tr represent the contributions
arising from the self-energy, vertex, box, and triangle di-
agrams, respectively. Their explicit forms are given by
M0 =M
tˆ
0 +M
uˆ
0 , (11)
δM self = δM s(tˆ) + δM s(uˆ), (12)
δMvertex = δMv(tˆ) + δMv(uˆ), (13)
δMbox = δM b(tˆ) + δM b(uˆ), (14)
where
M tˆ0 = −i
e2Q2b
tˆ−m2b
ǫµ(p4)ǫν(p3)u¯(p2)
×γµ(6 p2− 6 p4 +mb)γνv(p1), (15)
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+f
v(tˆ)
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δMv(uˆ) = δMv(tˆ)(p3 ↔ p4, tˆ↔ uˆ), (20)
δM b(tˆ) = −i e
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2
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µ
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and
δM tr = i
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16π2
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tr
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Here tˆ = (p4 − p2)2, uˆ = (p4 − p1)2, p3 and p4 denote
the momenta of the two incoming photons, and p2 and
p1 are the momenta of the outgoing bottom quark and
its antiparticle.
The form factors f
s(tˆ)
i , f
v(tˆ)
i , f
b(tˆ)
i and f
tr
i are expressed
in terms of two-, three-, and four- point scalar integrals
[15], and their analytical expressions are tedious, so we
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FIG. 1: Feynman diagrams for the LHT model contributions to the γγ → bb¯ process: (a) tree-level diagrams; (b) self-energy
diagrams; (c) vertex diagrams; (d) box diagrams; (e) triangle diagrams. Here only one-loop diagrams corresponding to the
tree-level diagram (a-1) are plotted. The internal wavy lines represent the gauge bosons AH , ZH , W
±
H
, and W±
L
in the figures
(b-1), (c-5), (c-11) and (d-1). The dashed lines indicate the Goldstone bosons ω0, η, ω±, and pi± in the figures (b-2), (c-6),
(c-12) and (d-2). The internal wavy lines represent the charged gauge bosons W±
H
and W±
L
, together with the dashed lines
stand for the charged Goldstone bosons ω± and pi± in the figures (c-1)-(c-4), (c-7)-(c-10), (d-3)-(d-14) and (e-1)-(e-2). The
internal solid lines in all the loops denote the fermions diH , u
i
H , or T+, which match the corresponding bosons, respectively.
do not present them. We can find that all the ultraviolet
divergences cancel in the form factors.
The cross section of the subprocess γγ → bb¯ for the
unpolarized photons is given by
σˆ(sˆ) =
NC
16πsˆ2
∫ tˆ+
tˆ−
dtˆ
∑
spins
|Mren(sˆ, tˆ)|2, (24)
where
tˆ± = (m2b −
1
2
sˆ)± 1
2
sˆ
√
1− 4m2b/sˆ. (25)
The bar over the sum recalls averaging over initial spins
and∑
spins
|Mren(sˆ, tˆ)|2 =
∑
spins
|M0|2 + 2Re
∑
spins
M †0δM. (26)
5The total cross section σ(s) for the bottom pair pro-
duction can be obtained by folding the elementary cross
section σ(sˆ) for the subprocess γγ → bb¯ with the photon
luminosity at the e+e− colliders given in Refs. [4] and
[5], i.e.,
σ(s) =
∫ xmax
2mb/
√
s
dz
dLγγ
dz
σˆ(sˆ) (γγ → bb¯ at sˆ = z2s),
(27)
where
√
s and
√
sˆ are the e+e− and γγ center-of-mass
energies respectively, and dLγγ/dz is the photon lumi-
nosity, which can be expressed as
dLγγ
dz
= 2z
∫ xmax
z2/xmax
dx
x
Fγ/e(x)Fγ/e(z
2/x). (28)
For unpolarized initial electron and laser beams, the en-
ergy spectrum of the backscattered photon is given by
[4, 16]
Fγ/e(x) =
1
D(ξ)
[1− x+ 1
1− x −
4x
ξ(1 − x) +
4x2
ξ2(1− x2) ],
(29)
with
D(ξ) = (1− 4
ξ
− 8
ξ2
)ln(1+ ξ)+
1
2
+
8
ξ
− 1
2(1 + ξ)2
, (30)
where ξ = 4EeE0/m
2
e in which me and Ee denote re-
spectively the incident electron mass and energy, E0 de-
notes the initial laser photon energy, and x = E/Ee is
the fraction which represents the ratio between the scat-
tered photon and initial electron energy for the backscat-
tered photons moving along the initial electron direction.
Fγ/e(x) vanishes for x > xmax = Emax/Ee = ξ/(1 + ξ).
In order to avoid the creation of e+e− pairs by the inter-
action of the incident and backscattered photons, we re-
quire E0xmax ≤ m2e/Ee which implies ξ ≤ 2 + 2
√
2 ≈ 4.8
[16]. For the choice ξ = 4.8, it can obtain
xmax ≈ 0.83, D(ξ) ≈ 1.8. (31)
IV. NUMERICAL RESULTS AND
CONCLUSIONS
There are several free parameters in the LHT model
which are involved in the amplitude of γγ → bb¯. They
are the breaking scale f , the masses of the mirror quarks
mHi (i = 1, 2, 3) (here we have ignored the mass dif-
ference between up-type mirror quarks and down-type
mirror quarks at the order up to O(v/f)), the mix-
ing parameter xL between the SM top quark and its
heavy partner T+ quark, and the other 6 parameters
(θd12, θ
d
13, θ
d
23, δ
d
12, δ
d
13, δ
d
23), which are related to the mix-
ing matrix VHd.
For the parameters f and xL, some constraints come
from the electroweak precision measurements and the
WMAP experiment for dark matter relics [17], which
shows that the region f < 570 GeV is kinematically
forbidden. However, these constraints also depend on
the other parameters. Hence, we slightly relax the con-
straints on the parameters f and xL, and let them vary
in the range
500 GeV ≤ f ≤ 1500 GeV, 0.1 ≤ xL ≤ 0.8, (32)
in our numerical calculations.
In Refs. [12, 13], the constraints on the mass spec-
trum of the mirror fermions have been investigated from
the analysis of neutral meson mixing in the K, B and D
systems. It has been found that a TeV scale GIM sup-
pression is necessary for a generic choice of VHd. How-
ever, there are regions of parameter space which are only
very loose constraints on the mass spectrum of the mir-
ror fermions. For the matrix VHd, we follow Ref. [18] to
consider two scenarios for these parameters to simplify
our calculations:
(I) VHd = 1. This scenario is connected only with
the third-generation mirror quarks due to its involvement
in bottom quark and its antiparticle in the final states.
Moreover, the constraints on the mass spectrum of the
mirror fermions can be relaxed [12]. Therefore, we take
500 GeV ≤ mH3 ≤ 3000 GeV, (33)
to see its effect.
(II) sd23 = 1/
√
2, sd12 = s
d
13 = 0, δ
d
12 = δ
d
23 = δ
d
13 = 0.
In this scenario, the D-meson system can give strong
constraints on the relevant parameters [12]. Considering
these constraints, we fix mH1 = mH2 = 500 GeV, and
take the same assumption as in Scenario-I for the third-
generation mirror quarks.
In our numerical evaluation, we take a set of indepen-
dent input parameters which are known from current ex-
periment. The input parameters are mt = 171.2 GeV,
mb = 4.2 GeV, MW = 80.398 GeV, MZ = 91.1876 GeV,
α = 1/137.036 and GF = 1.16637 × 10−5 GeV−2 [19].
For the c.m. energies of the International Linear Collider
(ILC), we choose
√
s = 500, 1000 GeV according to the
ILC Reference Design Report [20]. The final numerical
results are summarized in Figs. 2-4.
Figure 2 shows the total cross section σ(e+e− → γγ →
bb¯) versus f with
√
s = 500 GeV and xL = 0.3, in which
the dashed lines, dotted lines and dot-dashed lines de-
note the cases of mH3 = 500, 1000, 1500 GeV, respec-
tively, and the solid lines stand for the results of the tree
level. From this figure, we can obtain the following re-
sults: (i) The cross section is strongly dependent on the
parameter f , and is about a few percent to dozens of per-
cent larger than that of the tree level. It is natural since
the couplings between the new top quark T+ and the SM
quarks are proportional to the mass of T+ quark; i.e.,
are proportional to the breaking scale f . Furthermore,
our analytical calculations also show that the contribu-
tions from the heavy T-odd gauge bosons and Goldstone
bosons increase slightly with f formH3 ≤ 1000 GeV, and
decrease slowly when mH3 > 1000 GeV; (ii) Since the
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FIG. 2: The total cross section σ(e+e− → γγ → bb¯) as a
function of f for
√
s = 500 GeV and xL = 0.3. The dashed
lines, dotted lines and dot-dashed lines denote, respectively,
the cases of mH3 = 500, 1000, 1500 GeV, and the solid lines
stand for the results of the tree level.
couplings between the mirror quarks and the SM quarks
are proportional to the mirror quark masses, the cross
section increases distinctly with f for the cases of mH3
from 500, 1000 to 1500 GeV, while the relative section
cross is negative when all of f andmH3 take small values;
and (iii) Comparing these two scenarios, we can see that
the cross section for Scenario-II does not have a large de-
viation from that for Scenario-I when mH3 takes a small
value, but the former is only about a half of the latter
for a large value of mH3.
The cross section σ(e+e− → γγ → bb¯) versus the pa-
rameter f for various values xL when
√
s = 500 GeV and
mH3 = 1000 GeV is given in Fig. 3. We can see that:
(i) the correction of the LHT model to the cross section
changes from negative to positive with f becoming large;
(ii) the increment of the cross section with f is slow for
the cases of xL = 0.1, 0.3, 0.5 and is quick for xL = 0.8;
and (iii) the behavior of the cross section for Scenario-II
is almost the same as that for Scenario-I.
For the case of
√
s = 1000 GeV, our calculations show
that the effect of the LHT model in this case is slightly
larger than that in the case of
√
s = 500 GeV.
In order to look at the relative correction of the LHT
model to the cross section, we take f = 700 GeV and
xL = 0.3 as an example and plot δσ(e
+e− → γγ → bb¯) as
a function ofmH3 in Fig. 4. From this figure, we can find
that (i) the contribution of the LHT model to the process
is very obvious unless mH3 is small, (ii) for the case of√
s = 500 GeV, the relative correction, δσ(e+e− → γγ →
bb¯), is sensitive to mH3, and increases with mH3 from
−0.97% to 25.71% for Scenario-I and from −0.97% to
12.37% for Scenario-II, and (iii) for
√
s = 1000 GeV, the
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FIG. 3: The total cross section σ(e+e− → γγ → bb¯) versus
f with
√
s = 500 GeV and mH3 = 1000 GeV. The dashed
lines, dotted lines, dot-dashed lines and dot-dot-dashed lines
indicate the cases of xL = 0.1, 0.3, 0.5 and 0.8, respectively,
and the solid lines represent the results of the tree level.
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FIG. 4: The relative correction of the LHT model to the
cross section, δσ(e+e− → γγ → bb¯), as a function of mH3
with f = 700 GeV and xL = 0.3.
relative correction changes from −0.99% ∼ 26.32% for
Scenario-I, and −0.99% ∼ 12.66% for Scenario-II.
We know that the ILC is the important next generation
linear collider. According to the ILC Reference Design
Report [20], the ILC is determined to run with
√
s = 500
GeV (upgradeable to 1000 GeV) and the total luminosity
required is L = 500 fb−1 with the first four year oper-
ation and L = 1000 fb−1 during the first phase of op-
eration with
√
s = 500 GeV. It means that, millions of
7the bottom pairs per year can be produced, and the rela-
tive correction of the LHT model to the cross section can
reach the level from a few percent to dozens of percent
whenmH3 takes a larger value. However, the relative cor-
rection induced by the charged Higgs and charged Gold-
stone bosons in the 2HDM and MSSM is less than 0.1%
[5], and in the TC2 model, the relative correction from
the pseudo-Goldstone bosons and the new gauge bosons
is negative and no more than 10% [6]. Furthermore, our
calculations show that the contribution of Higgs boson
in the SM is only the order of 10−6 which is negligibly
small. Therefore via the process e+e− → γγ → bb¯, the
LHT model is experimentally distinguishable from the
SM, 2HDM, MSSM and TC2 models, which affords the
possibility to test the LHT model at the ILC unless u3H
and d3H are very light. It is hoped that ILC will be able
to give strong constraints on the relevant parameters of
LHT model since the correction of the LHT model to the
cross section of e+e− → γγ → bb¯ is sensitive to some
parameters.
In conclusion, we have studied the contribution of the
LHT model to the process e+e− → γγ → bb¯. We find
that, for the favorable parameters, the total cross sec-
tion σ(e+e− → γγ → bb¯) is sensitive to the breaking
scale f , the mixing parameter xL, the masses of the mir-
ror quarks mHi, and the relative correction of the LHT
model is a few percent to dozens of percent unless mH3 is
very small. The total cross section is significantly larger
than the corresponding results in the standard model,
the general two Higgs doublet model, the minimal su-
persymmetric standard model, and the topcolor assisted
technicolor model. Therefore the difference is obvious for
the International Linear Colliders and it is really inter-
esting in testing the standard model and searching for
the signs of the littlest Higgs model with T parity.
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